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1. Introduction 
Most of fluorinated compounds such as hydrofluorocarbons (HFCs), perfluorocarbons 
(PFCs) and sulfur hexafluoride (SF6) are considered as significant greenhouse gases due to 
their chemical stability, long atmospheric lifetimes, and high infrared absorption capacity. 
The 100-year global warming potentials (GWPs) of them are reported to be from a few 
thousand times to tens of thousand times that of carbon dioxide (CO2). Fluorinated 
compounds have been widely used in semiconductor and polymer industries, commercial 
refrigeration and air conditioning. SF6 that is the most potent greenhouse gas with a GWP of 
22,200 has been used as a common gaseous dielectric medium in electrical power 
equipments and in the etching and cleaning processes of the semiconductor industry. Up to 
now, several technologies for abating such gaseous fluorinated compounds have been 
developed, which include incineration, catalytic decomposition, thermal or nonthermal 
plasma destruction, and so forth (Bickle et al., 1994; Futamura & Yamamoto, 1997; Lee & 
Choi, 2004; Ogata et al., 2004; Föglein et al., 2005; Mizeraczyk et al., 2005). Even though the 
incineration is the only field-proven technology so far, it necessarily requires a lot of energy 
and long preheating time to reach high temperature enough to destroy chemical bonds in 
fluorinated compounds. The use of catalyst can largely lower the operation temperature, but 
still high temperature above 700oC is needed to achieve sufficient catalytic activity. The 
application of thermal or nonthermal plasma to the destruction of fluorinated compounds as 
an emission control technology is a relatively new research area. Previous studies have 
shown that low-pressure plasma processes like inductively coupled plasma (ICP) can 
destroy fluorinated compounds effectively (Kuroki et al., 2005). However, they inevitably 
require high investment and operation cost for vacuum. For this reason, atmospheric 
nonthermal plasma systems can be more desirable from a practical point of view. 
The non-thermal plasma has been created in different plasma reactors such as microwave, 
pulsed streamer corona and dielectric barrier discharge (DBD) reactors, offering an 
innovative approach for the abatement of fluorinated compounds. The pulsed corona 
discharge is induced by the application of fast-rising narrow high voltage pulse to non-
uniform electrode geometry (Mok et al., 1998). It develops by forming a number of 
streamers, the starting points of which are discrete and distributed over the surface of 
discharging electrode. Free electrons produced by the discharge can be accelerated by an 
imposed electric field to gain energy. During their drift, they can collide with various 
molecules and lose energy. The collisions of energetic electrons with gas molecules result in 
the formation of various reactive species. The DBD is a kind of gaseous electrical discharge 
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occurring between two electrodes separated by at least one insulating layer. Typically, DBD 
reactors use high voltage alternating current (AC) and operate in atmospheric pressure 
range. The DBD plasma reactor becomes increasingly very attractive due to its capability of 
producing abundant reactive species by enormous energetic electron collisions with running 
gas molecules at atmospheric pressure. In addition, dielectric barrier discharge plasma 
reactors are generally compact and operates stably with high average power. 
The drawbacks associated with the nonthermal plasma destruction of fluorinated 
compounds may be high energy consumption, slow destruction rate and unwanted 
byproducts formation. In order to get over these problems, recent studies have been focused 
on the combination of plasma with catalysis (Kim et al., 2005). The use of catalysis together 
with nonthermal plasma can promote the oxidative destruction of fluorinated compounds 
through C-F bond cleavage and prevent the recombination of decomposed fragments, 
thereby remarkably depressing unwanted byproducts formation. As well, the nonthermal 
plasma can assist catalytic reactions by triggering additional activation of catalyst. As 
demonstrated in many studies conducted elsewhere, the combination of nonthermal plasma 
and catalysis has provided a broad range of applications. 
In this work, the destruction of fluorinated compounds, including trifluoromethane (CHF3 
or  HFC-23), sulfur hexafluoride (SF6), 1,1,1,2-tetrafluoroethane (C2H2F4 or HFC-134a) and 
hexafluoroethane (C2F6), has been investigated over a wide temperature range up to 500oC 
with a dielectric-packed nonthermal plasma reactor and a simulated exhaust gas consisting 
of fluorinated compounds, oxygen and nitrogen. The GWP values and atmospheric lifetimes 
of these greenhouse gases are summarized in Table 1 (Intergovernment Panel on Climate 
Change Third Assessment Report, 2011). 
 
Chemcial formula Code name GWP (-) Atmospheric lifetime (yr) 
CHF3 HFC-23 or R-23 12,000 260 
C2H2F4 HFC-134a or R-134a 1,300 13.8 
SF6 - 22,200 3,200 
C2F6 R-116 11,900 10,000 
Table 1. Global warming potentials and atmospheric lifetimes of fluorinated compounds 
The nonthermal plasma can be used not only to produce a variety of reactive species capable 
of destroying gaseous pollutants, but also to improve catalytic activity through various 
actions. In this context, proper selection of a packing material that can in turn affect the 
performance of the plasma reactor is of great importance. There have been several previous 
articles of our research group, where the characteristics of three different packing materials 
such as alumina, zirconia and glass beads were comparatively examined (Kim et al., 2010a, 
2010b; 2010c; Kim & Mok, 2011a). In those articles, the destruction behaviors of the 
fluorinated compounds were characterized with respect to electric power and reactor 
temperature, and the effects of several other variables on the destruction were evaluated. In 
this paper, various aspects of the nonthermal plasma destruction of fluorinated compounds 
were discussed and plausible destruction mechanisms were illustrated with experimental 
results, referring to the previous articles of our research group. Two key parameters 
controlling the performance are the electric power and the reactor temperature, because they 
dominate reactive species generation and catalytic reaction rate, respectively. 
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2. Theoretical background 
Electrical discharge plasma - that is the DBD plasma - produces various reactive spcies 
including excited molecules (ex. N2 (A3u+)), excited atoms (ex. O(1D) and N(2D)), radicals 
(ex. OH and HO2), ions and energetic electrons, all of which can contribute to the 
destruction of gaseous pollutants more or less. When it comes to the destruction of 
fluorinated compounds with strong carbon-fluorine bond, however, the reactive species that 
are mainly responsible for the destruction are considered to be excited atoms, radicals and 
energetic electrons rather than excited molecules and ions. The destruction mechanisms of 
the fluorinated compounds dealt with in this work are elucidated below. 
2.1 Basic processes 
High-energy electrons, i.e., energetic electrons created by nonthermal electrical discharge 
plasma are in the range of 5~10 eV (1 eV = 1.6 × 10−19 J) on the average. The production of 
reactive species associated with the destruction of fluorinated compounds is initiated by 
collisions between energetic electrons and background molecules like H2O, N2 and O2. The 
electron-molecule collision processes are 
 32 2 ue N e N (A )
     (1) 
 2e N e N N     (2) 
 2e O e O O     (3) 
  12e O e O O D     (4) 
 2e H O e H OH     (5) 
The rates of reactions (1)-(5) are a function of electron energy, namely, imposed electric 
field, which can be estimated from the solution of Boltzmann equation and the 
appropriate collision cross-section data. The excited atomic oxygen O(1D) generated from 
reaction (4) can produce additional OH radicals as a result of rapid quenching with H2O 
as follows: 
  1 2O D H O OH OH    (6) 
The rate constant for reaction (6) is reported to be 2.610-10 cm3 molecule-1 (Li et al., 1995; 
Chang et al., 1991). In the case of electron-beam irradiation process utilizing fast electrons in 
the range of 300~750 keV, most of OH radicals are formed through charge-exchange 
reactions. On the other hand, the OH formation by nonthermal plasma is dominated by 
hydrogen abstraction from water vapor by O(1D) under most conditions. 
2.2 Destruction pathways 
2.2.1 Trifluoromethane 
In most cases, the major constituent of contaminated gas to be treated is nitrogen. Regarding 
the reaction of excited state N2 (A3u+) with CHF3, Piper et al. (1985) identified the process as 
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 3 32 u 3 2 u 3N (A ,  v 1)  CHF N (A ,  v 0)  CHF
        11 3 1 16.0 10 cm mol s   (7) 
Tao et al. (1992) also reported the dominant process to be vibrational relaxation. Thus, it is 
reasonable to consider the CHF3 destruction by excited state N2(A3u+) to be negligible. On 
the contrary, electronically excited atomic nitrogen N(2D) can play an important role in 
destroying CHF3 by abstracting hydrogen atom (Herron, 1999) 
  2 3 3N D CHF NH CF ,   10 3 1 16.0 10 cm mol s   (8) 
The rate coefficients of reactions (7) and (8) are the values at 298 K, and other rate 
coefficients given below are also at 298 K. Energetic electrons can also initiate the 
destruction of CHF3. The destruction products formed by the energetic electrons may be 
inferred by referring to mass spectroscopy, since the electron impact dissociation has some 
analogy with fragmentation reactions in a mass spectrometer. The cracking pattern of CHF3 
indicates that the most abundant destruction products are CF3 and CHF2. Thus, the electron 
impact dissociations can be written as 
 3 3e CHF CF H e     (9) 
 3 2e CHF CHF F e     (10) 
The bond dissociation energies of C-H and C-F are 4.3 and 5.1 eV, respectively. Although C-
F has larger bond energy than C-H, strong electro-negativity of F atom can lead to reaction 
(10). Both reactions (9) and (10) depend on the electric field controlling the electron energy. 
H and F radicals from reactions (9) and (10) can react as follows (Barker, 1995; NIST, 1998): 
 3 2 3H CHF H CF ,          4 3 1 12.2 10 cm mol s   (11) 
 3 3F CHF HF CF ,          10 3 1 19.4 10 cm mol s   (12) 
The small rate coefficient of reaction (11) implies that the contribution of H radical to the 
CHF3 destruction is insignificant. In the presence of oxygen, reactions (3)~(6) form O and 
OH radicals, which participate in the following reactions (Barker, 1995; NIST, 1998) 
 3 3O CHF OH CF ,        4 3 1 17.6 10 cm mol s   (13) 
 3 2 3OH CHF H O CF ,   8 3 1 12.9 10 cm mol s   (14) 
Compared to reactions (8), (12) and (14), the rate of reaction (13) is much slower, implying 
that the contribution of atomic oxygen to the destruction is trivial. 
The processes for the primary destruction steps (reactions (8)~(14)) produce CF3 and CHF2, 
which can react with oxygen to form peroxy radicals 
 3 2 3 2CF O CF O ,           12 3 1 12.4 10 cm mol s   (15) 
 2 2 2 2CHF O CHF O ,    12 3 1 12.4 10 cm mol s   (16) 
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where the rate coefficient for reaction (16) was assumed to be equal to that for reaction (15) 
(Barker, 1995). The peroxy radicals, i.e., CF3O2 and CHF2O2, further react to form alkoxy 
radicals as (Barker, 1995; NIST, 1998) 
 3 2 3 2 3 2CF O CF O 2CF O O ,           12 1 11.36 10 mol s   (17) 
 2 2 2 2 2 2CHF O CHF O 2CHF O O ,    12 1 13.0 10 mol s   (18) 
 3 2 3 2CF O NO CF O NO ,                 12 1 19.6 10 mol s   (19) 
 2 2 2 2CHF O NO CHF O NO ,          12 1 17.8 10 mol s   (20) 
It should be noted that NO involved in reactions (19) and (20) is formed by the reaction 
between excited atomic nitrogen N(2D) and O2 (Ricketts et al., 2004; Harling et al., 2005). The 
alkoxy radicals CF3O and CHF2O formed by the reactions (17)~(20) are further degraded to 
give carbonyl fluoride (COF2) as follows (Barker, 1995; NIST, 1998): 
 3 2 2 2CF O O COF FO ,                 6 1 11.0 10 mol s   (21) 
 2 2 2 2CHF O O COF HO ,      9 3 1 11.1 10 cm mol s   (22) 
 3 2CF O CO COF COF,         9 3 1 11.2 10 cm mol s   (23) 
 3 2CF O NO COF NOF,       13 3 1 13.2 10 cm mol s   (24) 
 3 2 2 2CF O NO COF NO F,   12 3 1 11.9 10 cm mol s   (25) 
Although the rate coefficient of reaction (21) is small, its reaction rate is not negligible 
because oxygen is often one of the main constituents in the gas to be treated. Besides the 
reactions above, other channels for COF2 formation are as follows: 
 3 2CF O COF F,              13 3 1 11.9 10 cm mol s   (26) 
 3 2 2CF NO COF NOF,   13 3 1 11.5 10 cm mol s   (27) 
 2COF COF COF CO,    12 3 1 18.0 10 cm mol s   (28) 
Under electrical discharge plasma, a part of COF2 leads to carbon oxides such as CO2 and 
CO (Herron, 1999; NIST, 1998) 
  12 2 2COF O D CO F ,   13 3 1 11.3 10 cm mol s   (29) 
  22CO N D CO NO,   11 3 1 12.2 10 cm mol s   (30) 
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Energetic electrons can also decompose CO2 into CO by direct bond cleavage. The reaction 
pathways regarding CHF3 destruction are described in Fig. 1. 
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Fig. 1. Reaction pathways of CHF3 destruction in the presence of N2 and O2 
2.2.2 Hexafluoroethane 
Hexafluoroethane (C2F6) is chemically very stable, which is attributed to the strength of C-F 
bond in it and the shielding effect of the fluorine atoms. Hence, the reactivity of C2F6 with 
the species generated by the plasma is extremely low. The most likely process for initiating 
the destruction of C2F6 is believed to be the dissociation by the energetic electrons generated 
by the plasma, which can be written as (Motlagh & Moore, 1998) 
 2 6 3 3e C F CF CF e     (31) 
 2 6 2 5e C F C F F e     (32) 
The bond dissociation energies of C-C and C-F are 3.6 and 5.1 eV, respectively, indicating 
that reaction (31) is superior to reaction (32). According to the mass spectrum of C2F6 that 
illustrates the cracking pattern, the most abundant fragment is CF3, which supports that 
reaction (31) is the predominant electron impact dissociation process. Once CF3 is produced 
somehow, succeeding reactions that convert CF3 into carbon oxides can be explained by 
reactions (15)~(30). The plausible reaction pathways responsible for the destruction of C2F6, 
leading to the formation of CO and CO2 are illustrated in Fig. 2 (Kim et al., 2010b). In the 
destruction of fluorinated compounds, the overall rate is determined by its initial 
www.intechopen.com
 
Destruction of Fluorinated Greenhouse Gases by Using Nonthermal Plasma Process 
 
295 
fragmentation by energetic electrons, i.e., electron impact dissociation process acts as the 
rate-determing step, and succeeding reactions are considered to be a lot faster. 
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Fig. 2. Plausible reaction pathways responsible for the destruction of C2F6 
2.2.3 1,1,1,2-tetrafluoroethane 
In the same way, the destruction of C2H2F4 can be explained with the bond dissociations 
followed by subsequent reactions leading to the formation of CO and CO2. The initial 
destruction fragments of C2H2F4 that are produced through collisions with energetic 
species such as electrons, N(2D) and N2 (A3u+) include CH2F, CF3 and CHF=CF2 (Mok et 
al., 2008): 
 2 2 4 2 3C H F energetic species CH F CF    (33) 
 2 2 4 3 2C H F energetic species CHF CF H CHF CF HF        (34) 
Likewise, the fragments CH2F and CF3 further react with O, O2 and O3 to form carbon 
oxides, as described in reactions (15)~(30), which may be summarized as follows: 
 3 3 2 3 2 2CF CF O CF O COF CO,  CO     (35) 
 2 2 2 2 2 2CH F CH FO CH FO COF CO,  CO     (36) 
 2 2 3 2 2 2C H F CHF CF HCOF  COF CO,  CO      (37) 
Being more specific about the reaction scheme (37), CHF=CF2 formed by 
dehydrofluorination yields HCOF and COF2 as a result of the addition of ozone to its double 
bond, which is typical in the reaction of alkene compounds with ozone: 
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 2 3 2CHF CF O HCOF COF O,     6 3 1 11.1 10 cm mol s   (38) 
HCOF successively reacts as below to form COF2 
 HCOF F COF  HF,   11 3 1 15.3 10 cm mol s   (39) 
 2 2COF  F COF ,           10 3 1 12.7 10 cm mol s   (40) 
Even though the C2H2F4 destruction can systematically be elucidated with the above 
reactions, there are many other possible reactions that simultaneously occur. 
2.2.4 Sulfur hexafluoride 
Finally, the electron impact dissociation of SF6 can generally be expressed as (Nanjo & 
Ohyama, 2005) 
  6 xSF  e SF  6 x F,    x 5  (41) 
Here, SFx stands for intermediate decomposition products such as SF5, SF4, SF3, etc, and they 
can be oxidized to form SO2 and SO2F2. The reaction schemes involving oxygen have been 
proposed by different authors in order to explain the SO2 and SO2F2 formation (Khairallah et 
al., 1994; Nanjo & Ohyama, 2005). The intermediate decomposition products of reaction (41) 
further react with atomic or molecular oxygen as follows: 
 4 2SF O SOF 2F    (42) 
 3 2SF O SOF F    (43) 
 2 3SOF F SOF   (44) 
 3 2 2SOF O SO F F    (45) 
 2 2 2SOF O SO F   (46) 
 3 2 2 2SF O SO F  F    (47) 
 2 2 2 2SF O SO F   (48) 
 2 2 2 2SO F SO F   (49) 
These consecutive reactions lead to the formation of SO2 and SO2F2. 
3. Experimental section 
DBD reactors can be constructed in many configurations, for instance, planar type using 
parallel-plate metal electrodes separated by a dielectric layer or cylindrical type consisting 
of two coaxial electrodes separated by a tubular dielectric layer between them. In this work, 
a cylindrical-type DBD reactor packed with catalyst pellets or dielectric beads was 
employed for the destruction of fluorinated compounds. The DBD nonthermal plasma 
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reactor of this work, referred to as plasma reactor, was made up of a ceramic tube serving as 
a dielectric barrier, a concentric stainless steel screw and a copper foil wrapping around the 
ceramic tube. The experimental details including apparatus, feed gas preparation, methods 
and analyses are described below. 
3.1 Apparatus 
Fig. 3 depicts the schematic diagram of the cylindrical plasma reactor of this work. The inner 
and outer diameter of the ceramic tube were 24.5 mm and 28 mm, where the stainless steel 
screw with a thickness of 6 mm was coaxially placed. In this reactor configuration, the 
stainless steel screw and the copper foil acted as the discharging and ground electrode, 
respectively. The effective reactor length for creating nonthermal plasma was about ~150 
mm. The plasma reactor prepared as above was packed with 3-mm -alumina beads 
(Sigma-Aldrich Co.), 3-mm glass beads (Sigmund-Lindner, Germany) or 3-mm zirconia 
beads (Daihan Scientific, Korea) to a volume of 127 cm3. Unlike alumina widely used as a 
catalyst or a catalyst support, zirconia and glass beads have no catalytic activity, thus the 
contribution of the nonthermal plasma to the destruction of fluorinated compounds can 
solely be evaluated with these packing materials. The plasma reactor was also operated 
without any packing materials to contrast the results with those obtained in the presence of 
packing materials. So as to change the reactor temperature to a desired value, the plasma 
reactor was covered with a heating tape and the temperature was controlled by a 
proportional-integral-derivative (PID) controller. The reactor temperature was measured at 
the midpoint of the reactor wall by using a K-type thermocouple. 
 
 
Fig. 3. Schematic diagram of the nonthermal plasma reactor 
3.2 Methods 
The schematic representation of the experimental setup is shown in Fig. 4. An alternating 
current (AC) high voltage power supply (operating frequency: 400 Hz) was used to energize 
the plasma reactor. The voltage applied to the discharging electrode of the plasma reactor 
was varied in the range of 7~16 kV (rms value) to change the electrical power delivered to 
the plasma reactor. The fluorinated compounds dealt with in this work were CHF3, C2H2F4, 
SF6 and C2F6. The behavior of destruction of these compounds was separately examined one 
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by one. The feed gas consisted of three gases, i.e., a fluorinated compound, nitrogen and 
oxygen, whose flow rates were regulated by mass flow controllers (MKS Instruments, Inc., 
USA). The concentration of the fluorinated compound at the reactor inlet was typically at 
2,000 ppm (parts per million, volumetric). The overall flow rate of the feed gas was 1.0 L 
min-1 or 60 L h-1 on the basis of room temperature. The reactor temperature was changed up 
to 500°C by applying heat to the reactor using a heating tape. The simulated exhaust gas 
processed in the plasma reactor was directed to the Fourier transform infrared (FTIR) 
Spectrometer (Bruker IFS 66/S, Germany) for analyzing fluorinated compounds and 
destruction products. The fluorinated compounds and byproducts were assigned in the 
spectra and the measured absorbance of each compound was converted into concentration 
units. The decomposition efficiency was defined as 100 ×(C0-C)/C0, where C0 and C are the 
concentrations at the inlet and outlet of the reactor, respectively. The electrical power (input 
power) was measured by a digital power meter (Model WT200, Yokogawa, Japan) and the 
voltage was monitored using a digital oscilloscope (TDS 3032, Tektronix, USA) equipped 
with a 1000 : 1 high voltage probe (P6015, Tektronix, USA). 
 
 
 
 
Fig. 4. Schematic of the experimental setup for destroying fluorinated compounds 
Discharge power that is actually consumed in the plasma reactor was determined by using 
the so-called Lissajous charge-voltage curve (Rosocha, 2005). The Lissajous curve was 
obtained by measuring the voltages across the electrodes of the plasma reactor and across 
the capacitor (0.43 F) connected to the plasma reactor in series. The voltage across the 
capacitor multiplied by its capacitance corresponds to the charge, which is, in principle, 
equal to the charge accumulated on the electrodes of the plasma reactor because the 
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capacitor and the plasma reactor are a series circuit. Fig. 5 (a) shows example waveforms of 
the voltage applied to the plasma reactor and the charge deposited, and Fig. 5 (b) shows the 
Lissajous curve for the voltage versus the charge. The energy per cycle consumed in the 
plasma reactor is equal to the enclosed area, and the discharge power can be calculated by 
multiplying the energy per cycle by the operating frequency (400 Hz). 
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Fig. 5. (a) Waveforms of the voltage applied to the plasma reactor and the charge deposited 
and (b) the corresponding Lissajous figure 
4. Results and discussion 
4.1 Discharge power 
The performance of the plasma reactor is a strong function of temperature, especially when 
it is packed with catalyst pellets, and accordingly, it is necessary to recognize the 
relationship between the reactor temperature and the discharge power. The DBD plasma is 
characterized by numerous short lifetime microdischarges, which are generated when the 
applied voltage exceeds the breakdown voltage of the gas between the electrodes. The 
microdischarges form conduction paths between the electrodes, and self-extinguish as the 
charge accumulated on the dielectric reduces the local electric field. Fig. 6 shows the 
dependence of the discharge power on the reactor temperature and the type of packing 
materials (alumina, zirconia and glass beads), when the input power was 60~100 W. The 
plasma reactor can electrically be treated as a capacitor, and the discharge power was 
measured by using the Lissajous curve (Rosocha, 2005). As presented in Fig. 6, regardless of 
the packing material used, the temperature-discharge power relationships were similar to 
one another. Regarding the temperature effect for 60 W and 80 W input power, the 
discharge power gradually increased with increasing the temperature up to 200oC, and then 
stabilized with further increase in the temperature above 200oC. As well known, gaseous 
molecules can be more easily ionized at higher temperatures, which results in increasing the 
discharge power. For 100 W input power, the temperature effect on the discharge power 
was not significant. The efficiency of power transfer, defined as the ratio of discharge power 
to input power, was calculated to be about 70%. 
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Fig. 6. Dependence of the discharge power on the reactor temperature and the type of 
packing material 
4.2 Effect of reactor temperature 
The plasma reactor packed with alumina beads showed different behaviors according to the 
reactor temperatures. Below a certain threshold temperature, the destruction efficiency 
slowly increased with increasing the reactor temperature, while on the other hand there was 
a steep increase in the destruction efficiency as the reactor temperature was further 
increased beyond the threshold temperature (Kim et al., 2010c; Kim & Mok, 2010; Kim and 
Mok, 2011). The threshold temperature was found to vary with the fluorinated compounds 
investigated. Details are given below. 
The effect of the reactor temperature on the destruction of CHF3 is shown in Fig. 7. The 
input power was fixed at 80 W (discharge power: ~56 W) ove a reactor temperatures range 
up to 300oC. The destruction efficiency was observed to increase with increasing the reactor 
temperature, implying that the reactions responsible for the CHF3 destruction are 
advantageous at elevated temperatures. In addition, the increase in the discharge power 
with increasing the temperature (see Fig. 6) may partly explain why higher destruction 
efficiency was observed at higher temperature. Meanwhile, at temperatures below 150oC 
where the catalytic activity may be neglected, the difference in the destruction efficiency 
between the alumina and glass beads was inconsiderable. On the other hand, the difference 
became pronounced when the reactor temperature was further increased over 150oC, 
because the catalytic destruction played an important role in this temperature region and 
the plasma possibly assisted the catalytic reactions. 
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Fig. 7. Variations of the HFC decomposition efficiency as a function of reactor temperature 
(CHF3: 2,000 ppm; O2: 1.0%(v/v); input power: 80 W) 
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Fig. 8. Comparison of C2H2F4 destruction efficiencies between catalysis alone and plasma-
catalysis over a temperature range up to 400oC (C2H2F4: 2,000 ppm; O2: 2.0%(v/v) 
Fig. 8 presents a comparison of C2H2F4 destruction efficiencies between without plasma and 
with plasma over a temperature range up to 400oC at input powers of 60~100 W (discharge 
power: 42~60 W), which was obtained with alumina beads as the packing material. In this 
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figure, the catalysis-alone case corresponding to the results obtained at 0 W indicates that 
the alumina catalyst was thermally activated without applying high voltage to the reactor, 
and the plasma-catalysis (60~100 W) represents that both thermal and plasma activation of 
the catalyst worked upon the C2H2F4 destruction. 
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Fig. 9. Effect of reactor temperature on the destruction of C2F6 (C2F6: 2,000 ppm; O2: 
2.0%(v/v); input power: 100 W) 
As can be seen in Fig. 8, the catalyst alone started destroying the fluorinated compound 
from about 150oC, exhibiting negligible destruction efficiency at temperatures below 
150oC. When the reactor temperature was gradually increased from 150oC to 400oC at 60 
W, the destruction efficiency proportionally increased, reaching 80% at 400oC. In the case 
of the plasma plus catalysis, it is apparent that the C2H2F4 destruction can be divided into 
two different regions by the steepness of the temperature-destruction efficiency 
relationship. In the lower temperature region below 150oC, the C2H2F4 destruction 
efficiency slowly increased with increasing the reactor temperature, while in the higher 
temperature region the destruction efficiency rapidly increased with increasing the 
reactor temperature, approaching complete destruction at around 400oC. The lower 
temperature region where the catalyst has no activity is understood to have been 
dominated by gas-phase reactions resulting from various actions of the plasma. On the 
other hand, above 150oC, both the plasma and the catalysis must have affected the C2H2F4 
destruction, thereby leading to a steeper increase in the destruction efficiency. The 
threshold temperatures were around 150oC for C2H2F4, but as shown in Fig. 9, the 
threshold temperature for C2F6 destruction was found to be much higher around 600oC, 
despite similar molecular structure to one another. This result can be attributed to the fact 
that C2F6 does not have relatively weak C-H bonds, i.e., since C2F6 consists only of strong 
C-F bonds, the high bond dissociation potential and and the shielding effect of the 
fluorine atoms make the reactivity of C2F6 extremely low. 
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Fig. 10. Effect of reactor temperature on the destruction of SF6 (SF6: 2,000 ppm; O2: 
2.0%(v/v); input power: 100 W) 
Fig. 10 shows the effect of the reactor temperature on the destruction of SF6. It can be seen 
that the SF6 destruction efficiency increased slowly from 27% to 46% with increasing the 
reactor temperature from 135oC to 380oC, and then abruptly increased with further 
increasing the reactor temperature, reaching 96% destruction efficiency at 495oC. From this 
result, the destruction of SF6 in the plasma-catalysis combined system can be divided into 
two different regions, according to the reactor temperature. The threshold temperature for 
the nonthermal plasma-assisted catalysis is seen to be around 400oC. Below 400oC is the 
region of no catalytic activity, and above 400oC is the region dominated by the nonthermal 
plasma-assisted catalysis. In the low temperature region below 400oC, the slow increase in 
the destruction efficiency with increasing the reactor temperature can be explained by the 
decrease in the gas density. As the gas density decreases, electrons generated in the plasma 
reactor can be accelerated more efficiently to destroy SF6 molecules because the mean free 
path correspondingly increases. In the high temperature region above 400oC, there was a 
precipitous increase in the destruction efficiency. It is the region dominated by the 
nonthermal plasma-assisted catalysis, where processing the simulated exhaust gas produced 
over 95% decomposition efficiency at temperatures higher than 490oC, compared with 
27~46% in the low temperature region. In Fig. 10, the data resulting from the catalysis alone 
are also presented. In the absence of plasma, the catalyst exhibited no SF6 decomposition 
efficiency at temperatures below 400oC. It was observed that the catalyst began 
decomposing SF6 from about 400oC, which is in agreement with the threshold temperature 
mentioned above. Consequently, it can be said that the temperature starting to show an 
abrupt increase in the decomposition efficiency is the one for the catalyst to begin exhibiting 
its activity. Once the catalyst begins exhibiting its activity, the nonthermal plasma can 
remarkably enhance the decomposition, as shown in Fig. 10. From such a large 
enhancement in the destruction efficiency in the presence of the nonthermal plasma, it is 
apparent that the plasma-assisted catalysis is a very effective way to improve the catalytic 
activity at relatively low temperatures. 
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Fig. 11. Comparison of C2H2F4 destruction efficiencies between (a) zirconia and (b) glass 
beads (C2H2F4: 2,000 ppm; O2: 2.0%(v/v)) 
4.3 Effect of packing material type 
The destruction of fluorinated compounds by the plasma can strongly depend on the type 
of packing material, especially at high temperatures that the contribution of catalysis can 
be significant. In Fig. 11, a comparison between zirconia and glass beads was made under 
the same input power conditions as a function of the reactor temperature. The results 
obtained with alumina are presented in Fig. 8 above. It should be noted that zirconia and 
glass beads have negligible catalytic activity for the destruction of fluorinated 
compounds. In all cases, increasing the reactor temperature enhanced the destruction 
efficiency. The increase in the destruction efficiency with increasing the temperature can 
be attributed to the decrease in the gas density. Namely, the decrease in the gas density 
increases the mean free path of electrons, which in turn accelerates electrons more 
efficiently to increase the generation of reactive species and the electron-impact 
dissociation of C2H2F4 molecules. Meanwhile, as observed in Fig. 8 and Fig. 11, the 
difference in the destruction efficiencies between the three types of packing materials was 
inconsiderable at lower temperature region. Such a phenomenon was also shown in the 
destruction of CHF3 as described in Fig. 7. However, at temperatures above 150oC, the 
difference in the destruction efficiencies became pronounced, obviously because the 
catalytic action of alumina significantly contributed to the C2H2F4 destruction. Despite 
both having negligible catalytic activity, the behavior of C2H2F4 destruction with zirconia 
beads was different from that with glass beads, which may be explained by the difference 
in their dielectric constants. The discharge characteristics of a packed-bed type plasma 
reactor largely depend on the dielectric constant of packing material, and larger dielectric 
constant is generally more advantageous to the performance of plasma reactor. The 
dielectric constants of zirconia and silica glass are 15~22 and 3.8, respectively, and it is 
reasonable that the reactor packed with zirconia beads produced higher destruction 
efficiency than that with glass beads. 
Fig. 12 presents the FTIR spectra of the gas processed in the plasma reactor, which were 
obtained with alumina and zirconia as the packing materials (Mok & Kim, 2011). With   
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Fig. 12. FTIR spectra of the gas processed in the plasma reactor (C2H2F4: 2,000 ppm; O2: 
2.0%(v/v); input power: 60 W) 
zirconia, the carbon-containing byproducts identified included CO2, CO, carbonyl fluoride 
(COF2) and carbon tetrafluoride (CF4). According to the reactions schemes explained above, 
COF2 serves as a key intermediate compound to convert fluorinated compounds into CO 
and CO2. Different from the result obtained with zirconia, however, COF2 was 
disappeared in the FTIR spectrum when alumina was used as the packing material. It has 
been shown above that alumina exhibits it catalytic activity for destroying C2H2F4, 
starting at around 150oC. Besides such a capability for destroying C2H2F4, the FTIR 
spectrum suggests that alumina can also move the process towards the total oxidation, 
oxidizing COF2 to CO and CO2. Since COF2 is a highly toxic compound, the use of 
alumina is more advantageous. 
Figs. 13 (a) and (b) show the concentrations of the carbon-containing destruction products 
that were obtained with alumina and zirconia as the packing material, respectively. 
Although data are not shown, nitrous oxide (N2O) was also identified in the effluent gas 
stream. The formation of N2O is common in plasma processing of air-like gases containing 
both N2 and O2 (Fitzsimmons et al., 2000; Ricketts et al., 2004; Harling et al., 2005). Properly, 
the amounts of destruction products were more in the presence of alumina than zirconia, 
because of higher destruction efficiency. In both cases of packing materials, the abundant 
destruction products were CO2 and CO. The concentrations of CO2 and CO tended to 
increase with increasing the reactor temperature. Even though the amounts were small, the 
plasma reactor packed with zirconia beads produced COF2 and CF4. The main reaction for 
the formation of CF4 is the recombination of CF3 and F. 
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Fig. 13. Byproducts distribution: (a) with alumina and (b) with zirconia (C2H2F4: 2,000 ppm; 
O2: 2.0%(v/v); input power: 60 W) 
4.4 Synergistic effect of plasma-catalysis 
In Fig. 14, the destruction efficiencies obtained with the nonthermal plasma-alone case, the 
catalyst-alone case and the plasma-catalyst case are compared for input powers of 60 W and 
80 W. In the case of “the plasma alone”, the reactor was packed with the glass beads, 
because the glass beads do not have any catalytic activity for destroying fluorinated 
compounds. The cases of “the plasma-catalyst” and “the catalyst alone” represent the 
catalytic CHF3 decomposition performed with and without the plasma, respectively. In Fig. 
14, an interesting aspect of the plasma-catalyst is the so-called  synergistic effect. At an input 
power of 80 W, the plasma-alone case decomposed about 24% and 28% of CHF3 at 200oC 
and 250oC, respectively. The respective destruction efficiencies obtained by the catalyst-
alone case at the corresponding temperatures were 10% and 33%. The arithmetic sum of 
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Fig. 14. Comparison of decomposition efficiency between the plasma alone, the catalyst 
alone and the plasma-catalyst combination at input powers of (a) 60 W and (b) 80 W (CHF3: 
2,000 ppm; O2: 1.0%(v/v)). 
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the plasma and catalyst decompositions individually adds to 34% and 61% at 200oC and 
250oC, respectively. However, in the case of the plasma-catalyst, the destruction efficiencies 
at the respective temperatures were 56% and 94%, clearly showing that there was some 
synergy. The synergistic effect implies that the plasma can provide some additional 
activation of the alumina catalyst (Kim et al., 2005; Kim et al., 2010c). In this context, it 
would be advisable to combine the plasma and the catalyst rather than use them separately. 
When the input power was 60 W, the destruction efficiencies obtained by the plasma-alone 
case were 20% and 23% at 200oC and 250oC, and those obtained by the plasma-catalyst were 
35% and 72 %, respectively. The sum of the destruction efficiencies individually obtained by 
the plasma and catalyst is 30% at 200oC and 56% at 250oC, which are smaller values when 
compared to 35% and 72 % obtained by the combination of plasma and catalyst at identical 
temperatures. 
In the destruction of fluorinated compounds, the overall destruction rate is determined by 
the electron impact dissociation, and succeeding reactions for oxidizing the destruction 
fragments are much faster. The enhancement of the destruction efficiency with the plasma-
catalyst case may be explained by the acceleration of the rate-determining step. The C-F 
bond strength for a gaseous fluorinated compound is 5.1 eV, but it gets weak when 
adsorbed on the catalyst surface. As a result, the energetic electrons generated by the plasma 
can more easily break the C-F bond of the adsorbed molecule through direct electron 
impact, speeding up the rate-determining step. 
4.5 Effect of electric power 
In Fig. 15, the effect of the electrical power on the destruction of CHF3 at different 
temperatures in the range of 150~250oC. The input power was changed up to 100 W. The 
discharge power was about 70% of the input power. In this figure, the results at 0 W that the 
CHF3 destruction efficiencies obtained with the catalysis alone. As can be seen in Fig. 15 (a), 
the alumina exhibited negligible catalytic destruction efficiency below 150oC, but its catalytic 
activity was gradually enhanced with increasing the reactor temperature. On the contrary, the 
reactor packed with the glass beads did not decompose CHF3 at all temperatures explored. 
Moreover, the effect of the electric power on the destruction was even more significant for 
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Fig. 15. Effect of the electric power on the decomposition of CHF3 (a) with alumina and (b) 
with glass beads (CHF3: 2,000 ppm; O2: 1.0%(v/v)) 
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alumina beads than for glass beads, obviously because various actions of the plasma assisted 
catalytic reactions. The destruction efficiency versus the input power for alumina-packed case 
(Fig. 15 (a)) showed an exponential growth whereas that for glass-packed case (Fig. 15 (b)) 
showed a linear increase. With glass beads, only gas-phase reactions induced by the plasma 
are responsible for the CHF3 destruction. As shown in Fig. 15 (a), the higher the reactor 
temperature, the less the input power required to destroy CHF3, due to the improved catalytic 
activity. When the reactor temperature was 250oC, the destruction efficiency with the alumina 
approached 100% at an input power of 100 W. This is neary three times higher destruction 
efficiency, when compared to a little more than 30% in the presence of glass beads. 
5. Conclusions 
The destruction of several fluorinated compounds such as trifluoromethane (CHF3), sulfur 
hexafluoride (SF6), 1,1,1,2-tetrafluoroethane (C2H2F4) and hexafluoroethane (C2F6) was 
investigated in the plasma reactor packed with alumina, zirconia or glass beads. This work 
was concentrated on the effects of reactor temperature and electric power, and the 
conclusions drawn are as follows. Operating the plasma reactor at elevated temperatures 
was advantageous, owing to increased rates of destruction reactions. Particularly, the 
favorable effect of the elevated temperature on the destruction was remarkable in the 
presence of alumina, because it acted as a catalyst. 
From several sets of catalyst-alone experiments, it was found that the threshold temperature 
from which the destruction efficiency began rapidly rising corresponds to the minimum 
activation temperature of the alumina catalyst. The threshold temperatures were around 
150oC for CHF3 and C2H2F4, around 400oC for SF6, and around 600oC for C2F6. On the 
contrary, with zirconia or glass beads as the packing material, the temperature dependence 
of the destruction efficiency did not show such a threshold, indicating that the destruction 
was mainly caused by gas-phase reactions. Even though the temperature dependence on the 
destruction with zirconia or glass beads was not as remarkable as with alumina beads, the 
reactor packed with zirconia beads having larger dielectric constant produced higher 
destruction efficiency than that with glass beads. 
This study has shown that the combination of plasma and catalyst may be an effective 
method to destroy fluorinated compounds. The plasma-catalyst combination showed higher 
destruction efficiency than the sum of those individually obtained by the plasma and the 
catalyst. This synergistic effect indicates that the nonthermal plasma created in the catalytic 
reactor can provide some additional activation of the catalyst. 
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